Interleukin (IL)-7 is a cytokine essential for T lymphocyte development and homeostasis.
Results

Generation of IL-7RcKO mice
To investigate the roles of the IL-7R in the late stages of T cell development, we generated IL-7Rα-floxed (IL-7Rα f/f ) mice ( Fig. S1A and B) and bred them with CD4-Cre transgenic (Tg) mice (IL-7RcKO). IL-7Rα expression on DN thymocytes of IL-7RcKO mice was comparable with that seen in control mice (Fig. S1C) . Although IL-7Rα is down-regulated on DP thymocytes, re-expression of IL-7Rα on CD4SP, CD8SP, Treg and NKT cells did not occur and IL-7R on γδ T cells was not changed in IL-7RcKO mice (Fig. S1C ). Therefore, we conclude that CD4-Cre transgene-mediated deletion of the IL-7Rα gene was successfully achieved.
IL-7R is required for development of CD8 T cells in thymus
First, we compared the total cell number of thymocytes between IL-7RcKO and littermate control mice. Unexpectedly, thymocyte number was slightly increased in IL-7RcKO mice (control: 212 ± 7.1 x 10 6 versus IL-7RcKO: 241 ± 8.4 x 10 6 ) ( Fig. 1A) . IL-7RcKO mice exhibited an almost normal proportion of DP, CD4SP and CD8SP thymocytes, while the proportion and absolute number of DN thymocytes increased by two-fold ( Fig. 1 B and C) .
The proportion and absolute number of TCRβ high (TCRβ hi ) thymocytes was reduced by 30%
in IL-7RcKO mice (Fig. S2A ). Gating on TCRβ hi thymocytes revealed that the frequency of CD8SP thymocytes was reduced (Fig. 1D) . Similar results were obtained by analyzing IL-7RcKO mice crossed with OT-I and H-Y TCR Tg mice, whereas the frequency of CD4SP thymocytes was unchanged in IL-7RcKO mice crossed with OT-II TCR Tg mice (Fig. S2B) .
The absolute number of TCRβ hi CD8SP and CD4SP thymocytes decreased by 40% and 10%, respectively, in IL-7RcKO mice (Fig. 1C) . Consistent with previous reports that γ c cytokines influence CD8 T cell commitment (8), our results confirm that IL-7 is not the only factor that regulates development of CD8SP thymocytes. Our data also suggest that the IL-7R is required for CD4SP thymocytes, although to a lesser extent.
IL-7R controls proliferation of mature CD4SP and CD8SP thymocytes
During positive selection, thymocytes undergo progressive stages of development from expression on CD8α + population was significantly reduced in IL-7RcKO mice (Fig. S3F ). We also found that a co-stimulatory molecule, the glucocorticoid-induced TNF receptor (GITR), was slightly reduced especially in TCRβ hi CD4SP thymocytes and peripheral CD4T cells of IL-7RcKO mice ( Fig. 2F and S3G) . Furthermore, CD5 expression on CD8SP thymocytes was lower in IL-7RcKO compared to control mice, whereas that on CD4SP thymocytes was unchanged (Fig. 2G) . These results suggest that the IL-7R plays some role in quality control of both CD4SP and CD8SP thymocytes.
Bcl-2 expression rescues development and CD5 expression of CD8SP thymocyte
Enforced expression of Bcl-2 reportedly promotes significant recovery of thymic T cells in IL-7Rα-deficient mice (5, 6), indicating that the IL-7R primarily serves a survival signal.
Therefore, we compared Bcl-2 expression in thymocyte subpopulations between control and IL-7RcKO mice. Like IL-7Rα expression, Bcl-2 levels were almost comparable in DN and DP thymocytes but were significantly reduced in CD4SP and CD8SP thymocytes in IL-7RcKO mice (Fig. 3A) . Furthermore, IL-7RcKO thymocytes showed higher caspase-3 activity than control mice with or without IL-7 in vitro (Fig. S4A) . In contrast, Bcl-x L and
Mcl-1 were unchanged ( Fig. S4 B and C) .
To test whether Bcl-2 expression rescues SP thymocyte development in IL-7RcKO mice, we bred IL-7RcKO mice with Bcl-2 Tg mice. Introduction of the Bcl-2 transgene completely restored the frequency of TCRβ hi thymocytes in IL-7RcKO mice (Fig. 3B) .
Furthermore, the ratio of CD8SP to CD4SP thymocytes and absolute cell number of CD8SP thymocytes were also recovered in IL-7RcKO mice harboring the Bcl-2 transgene, although they did not reach to those of Bcl-2 Tg mice ( Fig. 3B and S4D ). In addition, introduction of the Bcl-2 transgene also restored CD5 expression on CD8SP thymocytes in IL-7RcKO mice (Fig. 3C ), although Bcl-2 misexpression in control mice did not affect CD5 level on TCRβ hi CD8SP thymocytes (Fig. S4E) . These results suggest that the IL-7R transmits a survival signal for CD8SP thymocytes primarily through Bcl-2 and that reduced CD5 expression in IL-7RcKO mice may be attributable to reduced survival. (Fig. 4 A and B) . These results suggest that the IL-7R participates in thymic Treg development.
IL-7R promotes Treg proliferation in the thymus
Next we analyzed the basis of Treg reduction in IL-7RcKO mice. Bcl-2 expression in Foxp3 + 4SP and DP thymocytes was comparable between control and IL-7RcKO mice (Fig. 4C, top) . Bcl-x L expression was also unchanged (Fig. 4C, bottom) 
IL-7R promotes proliferation and maturation of invariant NKT (iNKT) cells in thymus
iNKT cells are derived from DP thymocytes through interaction of invariant Vα14-Jα18
TCRα chain with CD1d expressed on DP thymocytes. Although the proportion of iNKT cells was not reduced in IL-7-or IL-7Rα-deficient thymus (15, 16), it is unclear whether the IL-7R
participates in NKT cell development. To address this question, we analyzed IL-7RcKO
thymocytes by using CD1d-tetramer loaded with α-GalCer. S6A ). These results demonstrate that IL-7R signaling is required for iNKT cell maturation after the DP stage.
To determine the mechanism underlying reduction of iNKT cells in IL-7RcKO mice, we first checked expression of anti-apoptotic factors. Bcl-2 and Bcl-x L expression in iNKT cells was comparable between control and IL-7RcKO mice ( These results suggest that the IL-7R is important for proliferation of thymic iNKT cells.
IL-7RcKO mice show increased numbers of γδ T cells, B cells and dendritic cells (DCs) in thymus
The frequency and absolute number of DN thymocytes increased 2-fold in IL-7RcKO mice ( Fig. 1 B and C) . To define what cell type had increased, we first checked γδ T cells. Both frequency and absolute number of γδ T cells were increased in IL-7RcKO thymus by 1.5-fold (Fig. 6A ). In addition, we found that NK1.1 + γδ T cells were increased in IL-7RcKO thymus To examine the mechanism underlying the increase in γδ T cells, B cells and DCs in IL-7RcKO thymus, we analyzed proliferation. Twenty-four hours after BrdU injection, we detected a greater number of BrdU + B cells in IL-7RcKO than in control mice (Fig. 6F ). In contrast, the frequency of BrdU + cells in γδ T cells and plasmacytoid DCs was unchanged in IL-7RcKO mice at 24 hour after injection (Fig. S7E) . These results suggest that IL-7R expression on αβ T cells suppresses B cell proliferation in thymus.
Discussion
The IL-7R may influence negative selection of CD8SP thymocytes, because the IL-7R transmits survival signal in CD8SP thymocytes. CD5 expression correlates positively with the strength of TCR signal during positive selection (27). IL-7R signaling may be required for resistance against negative selection via Bcl-2 induction. In IL-7RcKO mice, negative selection might be enhanced, deleting CD8SP thymocytes receiving a relatively strong TCR signal, which normally results in survival. Actually, introduction of the Bcl-2 transgene in IL-7RcKO mice restored CD5 expression on CD8SP thymocytes (Fig. 3C ). Another possibility is that reduced CD8α expression in IL-7RcKO mice might have attenuated TCR signaling by co-receptor tuning (20), which results in lower CD5 expression. In contrast to our results, it was reported that IL-7R signaling does not play a role in post-selection thymocytes (9). Although the reason for the discrepancy is not clear, it might be that the blocking of IL-7R signaling by antibody was not complete.
The IL-7R may also function in development of conventional CD4 T cells (Fig. 1C ).
Bcl-2 expression and BrdU incorporation were severely reduced in CD4SP thymocytes. This is mainly attributable to conventional CD4SP cells, since Bcl-2 levels were unchanged in
Tregs and NKT cells, and BrdU + CD4SP excluding Foxp3 + and CD1d-tetramer + cells were still reduced in IL-7RcKO mice (Fig. S8A) . Therefore, our study suggests that the IL-7R
likely plays multiple roles in proliferation, survival and maturation during conventional CD4
T cell development.
The molecular link between the IL-7R and thymocyte proliferation is still unclear.
Degradation of p27
Kip1 by its phosphorylation is important for IL-7-induced proliferation (28).
The IL-7R induces the transcription of pim-1 (29), and pim-1 can phosphorylate p27 Kip1 (30).
However, expression of pim-1 was unchanged in SP thymocytes of IL-7RcKO mice ( The role of the IL-7R in Treg development has been a matter of debate. Previous studies with IL-7Rα-deficient mice led to varying conclusions (11-14). In this study, we found that IL-7R is partially responsible for intrathymic Treg proliferation (Fig. 4D ). Bcl-2 misexpression rescued Tregs in IL-7RcKO mice ( Although not analyzed mainly, peripheral T cells of IL-7RcKO mice showed several characteristics as expected from previous studies. First, peripheral T cell numbers were greatly reduced in IL-7RcKO mice (Fig. S9 A-G) . Lymphopenia-induced proliferation was also impaired in T cells (Fig. S9H) . As previously reported in IL-7R -/-mice (37, 38), TCR-induced proliferation was also reduced in IL-7RcKO mice (Fig. S9I) , although TCR expression and early activation, as monitored by CD69 expression, were normal ( Fig. S9 J and K). This result suggests that IL-7R is required for expansion of effecter T cells, that is, generation of memory T cell precursors. Suppressive activity of Treg from IL-7RcKO mice was also diminished (Fig. S9L) , as previously reported in IL-7R -/-mice (13).
In summary, we characterized roles of the IL-7R in survival, proliferation and maturation of different subpopulations of αβ thymocytes. These findings will accelerate the understanding of IL-7R function in thymus and the periphery, and IL-7Rα-floxed mice should serve as a powerful tool to determine the mechanism underlying how the IL-7R controls T cell development and immune responses.
Materials and Methods
Mice.
Generation of IL-7Rα-floxed mice is described in SI Materials and Methods. CD4-Cre Tg mice were reported previously (39). H2K-Bcl-2 Tg mice were described previously (40) 
Real-time RT-PCR.
Total RNA was isolated and treated with RNase-free DNase to remove genomic DNA. After DNase inactivation, total RNA was reverse-transcribed with random primer. cDNA was amplified by using an ABI 7500 Sequence Detector (Applied Biosystems) with QuantiTect SYBR Green PCR Kit (QIAGEN) with ROX reference dye (Invitrogen). PCR was carried out supporting lymphocyte homing and proliferation. Cell number (x10 6
